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A treatment is presonted that accounts o a large extent
for the J-dependence of pressure induced om&_a dus to notle
gates of 1ines in HOL bands, After & brief critical review of
the theoretical work done en this subject to date, an improved
phase-ghift approximation for the intermolecular collision

. proceas is worksd out with & coordinate system fixed 4n space
_ during the collision. The msin features of the observed phenomena

are accounted for using only parameters calculated directly from
known molacular properties. A discussion of the limitations of
this theory is given. It appears that in order to achieve further
improvement, the finite probability of j-transitions and the
influence of short-range forces should be taken into account,

[ ]




® e
®
° \: .
'y
av XX
e . °
v o

The subjeet of this paper 1s She theoretical interpretation
of pressure-induced shifts of lines in the vibraticn-rotation abdscrption

bands of gaseocus HCL pressurised bty muc‘me:: aSaut-uhiishathore

15 The\most interesting

1. H.A Hirehfeld, J.H. Jaffe, end S, Kizmel, J, Chem, Phys. R, 297 (1960).

2. D.H. Rank, W.B., Birtley, D.P. Zsstman, and T.A. Wiggins, J. Chen. Phys,
2, 296 (1960); 33, 33, R7 (1960),

3. A. Ben-Reuven, S, Kimel, ¥.A. Hirshfeld, and J.H. Jaffe, J, Chem. Phys.
35, 955 (1961), referred to hereafter as I. |

4. J.H. Jagfe, A, Landsu, and A. Ben-Reuven, J. Chem, Phys. 3§, 1946 (1962).

5. D.H. Rank, Office of Naval Research, Technical Report for the period
June 1 1961 -~ June 1 1962,

feature.of these shifts, and the most difficult one to account
for thecretically, i3 their dependence upon the rotational
quantun nucber j 3 individual rotational lines of a band are each
shifted differently, most of them towards lower frequencies.
Generally the shifts increase on pagsing fion the ltghter heliva
to the heavier xenon a8 the perturding agency, and from the -0
bend to the 2-0 band of HCl. The observed gshifts vary Lrom aboud
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1bous-30 Y por etandsvw atomptiess of 2:men 3 the winge

o2 the 80 W01,
he 280y athats Tt have beon pids $0 ex3laln the

coservol ghunmmeat 5itve meh 3ith ey pertidd sascesse In

some Soeatomts & atatic approrsh was sdonked shere the
porvbation of the polar §iC1 sweculs ws aterituted ¢o an
assechly of nobue ges atens atatieally distrituted around 1¢.5°8

6. QD Puckingbaty Trans, Farsdsy Soce 58, 449 (1961).

7. B Yargensu, papers resd ab the International Genference on
Spectral Line Shaps énd Molsculay Interactions, Rehovoth,
duge 3962, 802 2t the Symposiwg ot Xilects o2 Intarmolecular
forees o Intramolecudar Favperties, Tozamto, Jan. 1962,

8 Mo Sargenas i H.Co Jacobaon, to b0 publialode
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Other attempls were tased on oo dmpact spproximstion shore it is
sssupsd that those ¢olllslons which affeet appreciatly the states

(o]

o of the abetebing 2olecules ty shifting their phuses or by enwing

transitions, are of short duration conpsred with the time interval
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WM&M.«GI:MM 30 422 those Wheezies
op-ensmaun-fmveted
o R0 Sty 2. Chote 23780 28y 3127 (2962),
30, & Scetery 204 B, Cksongaea, 0Veerder Siys, 8, 973 (2982).
2o Bells Lotuan, o Do pllisusd
. . ]
40 trenniaticad 2oten of $he mleantes 1s treated
° ousledly,

212, 38 dspots & Mble £a8 aters 3n the Relgherhood
of & dlatenls molsculs, Because of the sphericel symmetry
of the notle oo atas, the Suteraction enery t%dmudou
ens angls only - 4he angle & Detwean the dntervodscular
méummwww&

Sost suthors chooss Sor U aStrective part of ¥ torzs
M“M&Ma&&%mm&um

Voo s K62, (we) =2 X6 2, (en2) , ()

[ ]
shere 8 13 the distanee Botgen the eenters of wass of the
e molesulep, M4 % 43 tde vitrational ceordinats deseribing
Qe displacemedt fren equilidriun positions of the vitrating
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nughed in €ho Matonlc moSegls.
TS gpnatsly P aPle%wsiten

Ve g 8 (r,x} Py {cos ) . {1

The expectation values of the term X = © (the Ssstrends
term) depend on the vibrationad quantun jube@p § @xly,
while those of the terms k ¥ O (the nop-dsetsepde Sctus)
depend, in addition to v, also op the rotaifess) gnd spatiad
quantum numbers 3§ and m,

In the static approach the difference in ¥Wie pertsdations
of the upper and Yower Yevels, v ' and i 48 m
for a given posttien of spe ferturhesr apd Syl ¥ & statis
dtstrivution of Peritrderse S1:88 13 the 2 Wit the
varteus Mo Sransiticns ave £ob Toseldved, e pestwbaticns
of o Sregr-aey Sor & Linol $sition of Ui Portuther st 1o
svresad ever lLvilees of 3 808 2o 3o e Sired anter 1n

3

® ne 1a%0325Uen G0AY, 0020 DOP3atLes 830 ogrally

Whﬁ"&!ﬂl%ﬁl!ﬂ?‘.ﬂmrem
St  GrPRats 820 MSd 94%% the wrpertuabed dipale

Sreaition Damcts, the Srcqrency pestadation 48 Sndoperdent
o€ S This & seen from the gunerules of dpole transition
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momegts and from a well XnPg Juigedly 02 Sogrilue
polymemists 1% *
12, cf, B, {7) 10 %o e & datailed ddasidption of Yhe

averagisg ’roceﬁ\!ro. seg Yelo 65
®

Te 2eseant Sop B¢ J-depentenes) Sdine crder alficty
have been eonsffere? {Backinghan’), sach 28 Bolbamra
dtstrivatlon of Bopalatiaps 8 the meabates 518 Socond-erdy
pertarbattops, withoeh enghalici-8 sigtosss Th-se ‘seatnnts
give poop gesadts for Jow 3§ Wheze We Jodependence 36
particularly marked. %o tate Statis thonries 2% $u5 Deen
found nesessary to resert te a moderleation of the mdel Lo
close iateragiton Glstangss, oither & prelersing 68 &
stste avave Cihers (Seskisghe:S) 00 17 Ssteedunng sn gtk
PRITITISRT e 3y DU Seny B

A censequemse of Sudkinghan's gtatte $Heory 4o that there
should be an observable difference Petwyes tho ski™s of
corresponding lines in emission and o absmn Reecant:
experiments do net support this pred.%ortua.”'

[ ]
.

13. N.J. Bridge: and A.D. Buckingham, te bo gedlished,*
e I8, Jagle, B. Priedmann, M.A. Xirshfeld, and &o SoneRouven,
9 S¢ mdlsshod.
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Static theorles are valid whep the onlp¥agliafifon €n °

timg to be geckoned 3 toe oR3:¥aste Mdb & 4o emiladee-
soutiat?og of ghasg SUL dve S0 P OB WL S
pertusbers fha deifl 3= tBeg glren, oo G-l
Margemeu,’ by e avedls P itthating B ERe e Jine °
#hifte under dlsgitssfoy Yere Were ne it ¢ ’”’m ®
(abottt spe atmosphered, Where A1% evegrs dering & 0)Uslen
o0ee 38 & Y abom. Wuey 35 eompeed wiiks S And beleaen
colM:092, oo h2gze 36 ¢ 2@ e IlRAS 0f Vo 200 ®
of the molecwllar system then depends 4o the Swaber of
collisions and esmeists of a successien of sbufiph ClSgeD
eacly due to ohe coldtsfon. For this case ay P o
appreximation has been Juldged more appregxﬁsﬁ.” 3 © ©
o 5 6
15. Wie dutese s3npisn Yeos Swiiiir Gt 1o 3, Suvagy n

119100 s Uedcmnilsx Prog::0en (L:a8nSe S0000p B Terc o9k
Lonfon, 39623, edited by D.R. Bates. o)
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application, especially for strong eollisitng, ¥ilds W
diffegent gesults, avey i@ the adtabadie Atnit, £re thess
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In an adiabatic collistepm a gogVegelehlo 8386
evelves (neglecting detormatln 803 00ealing & B s

16. of. H. Margensu, snd e M,h,“.m.&”mf. o

-8

Puid - fg‘%&zﬂt&?“!ﬂ' }a

where Ei(t: 2s the Spstamtancens adP@PtiNOiI0 £ 88 o
o
the configuration R(tj. Such a mﬂm%ﬁ&ﬁlm

of (/liby

‘ C
o N -g s“mf%ﬂ{a ® i ‘”

wherg Vd.(t) 1s the ?M&%@%Wﬁm &e
Ageorlteg 20 Yoe Shpeh sppeedialiony Co it OFF o2 a
line i-f d4s thes gliven ::uwm) h"‘l)

17. H.M, Foley, Phys. Rev. 83, £38 £39%8)
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Vit 3gs* Ds =N g B & & Besdhe o2 enlistve
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3 type dce dufio @l 3220 &0 denoze:
a certain cheicg ogmm "w&.m»

u and direction of $eosBee ‘ﬂ‘&m”ﬁ.“@“
the pe:'t\u'bing atom. FopadB8de twm&*

%nuf‘ﬂ > 82 dQp °

o
where n is the density of pe:tm"b::oa il “ﬂ s ©
velocity distribution funqtisne

A simple phase-shift mefio8 »&SWQOW“
adiabatic collisions whew one or both of $ie JWS 830
spatially degenerate. In the Mperturbe® @58y & Gelindde
m-state has a meaning only 13 relating &% 9 & CWOdE®
quantization axis. When a perturbaules 3s $E%RcE W,
there are non-vanishing tragsition prolbilitiss betweem
different m-states, which shetlsl aise de selated to the dhestld
quantization axis, ColYisions spe ebfhatde dn this eess 3§
the tnteraction enargy catses Jayge eAtogh SIS 0B e
degemerate gtates during the ehoph 550 Of 100 ool 8 WA
then remajy a grod quantun n“W“&W”M afle
long vileh the Interasiion {s etagencd @ gady e St
wir Do Db e tbe atioct o @ik & wlitelrs an tae slaie
rugghfen & mowm w9808 §33000 atb &0y Iy & ghsahifly
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in the sense of Eq. (3), but a.lao‘by a rotatlqpal,

transformation along with the rotatRop@f U @fgthe
ccallis:!.on.'.]'8
¢ o

18. J. van Kranendonk, thesis, Unfver<¥}9@¢ Tuld@ftng fs
]

Still ancther objection has beeny rdfeel w*..‘
the adiabatic assumption in a calculati®g @ (A ESie OPS
. phase~-shift method.l’ 4s collisions becom.m‘;“‘

19. L. Spitzer, Phys. Rev. 58, 348 (1820:. °

o
contribution to the shift increases with &**mn )
until siny in Eq. (&) reaches its maxBmug*aRsty 8% g‘*
Still stronger collisions contribute Regs !.g&. MQ S e®
mach larger thag 2%, they ad® nothfng ulge W 458 8N u
fact, with straight-path collisions agd 8¢ 8‘ %m
about three guarters of (4) come frof® AJOSRSS WS “h
But an adiabatic assumptiog is vdyid e ”M“
collisions, where the nof-s@uypN@ mh% “mw
than unity. Therefore, ufe2® ¥ haygg *W“
non-isotropic parts of the phasemwman o
agiabatic collisions will pes géife @ c2fe G fullellen 0 W

|

shift.
L4 °
° o
® L J
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As has alresdy been pointed out 8 I, on averaging y
over the m, the contribution of the nogrfsotropig Jouts of

the interaction vanishes. Some a.uthorew w&,
who use an average V) , are therefore o‘!ys 11 ] ex‘a!“
j-dependence by assuming a j-dependeyin o968 S BB
collision perameter, because colfisions % 3igte WMe MRS
region are strong encugh to cause appregdiie NOREAY
to different j-states. The weakness §§ $hlS 2aONeE 38 thed

. in order to obtain the right magnitufe fte 8o SAPOE-Oee 8o
is found necessary to adopt valuag !&%MW
that are much larger than the gamgmog&
HCl-noble gas pairs. But theres §eramylileg eotewilitiece °
caleulated with an interactien O Ve (3); Aoy 2%
Herman's treatment c;iffers esseg eIy Soorg ngmv

' * introducing in the intera.:tion energy, UsUin 398t SIS =@
additional Pi(cos®) ®term which is iy ewM?ﬁm

+ Bymterm of (1)ein cansisg §etrpmiiote Ints B 2wy

according to Homan, g e PRV expaiton s Uouttcpr @
of mass and center of charge interaeld@te Ut Qe %0 00rde
good agreement with observatisg ‘Sie 64ate® 08 Intirsoiles 0°
HCL is asstng® %9 bg Ab IR $he 34520300 helinty Lhe Qe
ot 94302008 M2Ss Tils chalos So 3ea 19 BTN vov-e
foo vda conheiintlens %0 3o JANLALLY e7s S0s e erS odils

§
:




electrons of the chlorine atom and the two valence electrons
which are also more closely bound to the chlorine atom.

A treatment having features in common with the one set
out below has been presented independently by Schuller and

Oksengorn, 10

who pointed ocut that it is the expression (&)
for the “¢ne shift (involving siny, and not 1.2 idself) that
should be «veraged over all m-states. gqyever, Bler and
Oksengorn based their calculation of tye grpeetlys ag the
. assumption of adiabatic collisions, anll &;@ % %M into

account the rotation of the quagtdeaifageehs Coeng tle

collision process.

¢ CREP PR 000 ROy

The shift my Tl S saTatRpted S Bgo {12 4% siny

(and not ) averaged overgm-gtatg. 3.0%0 b a’lasg-s‘.ft
approximation holds °w£'gh sspe 10 2 Yelirotde A N0

*in space for a givey @SSty JEisJY & COLBly WX Ge
transitions bethes o008 SrSTANS, et Stobretiliy
depend on the chiafee @F 410 Q00030 stety HeN Vinde
extste o crotee 0° 800 (e 8290 %00 02 108 cM3eicr) o2H
respect to whiqe el ofuE% S0 T AW BN 800, 9802

some restrigti@ watsa;n. 8 ro-allf) 2l 60 %

RPN Dot e g w0 0T




used with the phase shifts ] referred to that particular
fixed coordinate system. Here again, as in the adiabatic

approach, the interaction of different J-states is neglected.

2

According to Anderson, 0 the exact expression in the

20. P.W, Anderson, Phys. Rev. 76, 647 (1949).

impact 1limit for the width and shift of an isolated line

J=»3', with degenerate levels,. is °

30 - 14 -2 (0o

where, in Anderson's notation,
oo ©

Tracej |.J.‘.j“)l Q‘f' 'QO’) u” T‘”(dd’)} (
Trace{pjj' ufj}

S(dg) =1 -

5)

Here T(d0') is the scattering ope;aﬁ‘b’@ internal

states of the molecule correspondimg t® €88®%ion of type dG;

p is the dipole moment operator g.lo“ “,‘.rization direction
of the absorbed photon. The trace is g over the sub-spaces
of the initial and final degenerate levdle,
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Among other parameters which determine dg” is the
orientation of the collision with respect to the
polarization axis, taken as the gz-axis. But, noting that
(5) is invariant under rotation of the coordinate system,
the roles of the collision orientation and the polarization
axis may be interchanged. Choosing some direction defined by
the collision as a gz~axis, the averaging can be made over all
possible directions of -the polarization axis, by summing (5)
over the three components of u in the system defined by
the collision. The relation of this system to the
orientation of the collision is imat?erial in the calculation
of S(dd) as a whole. Ye} individual matrix elements of T
in (5) may depend on it, due to the spatial degeneracy. By
a particular choice of z-axis, namely the apse line (the
intermolecular axis at the moment of closest approach), the
non~diagonal matrix elements of T gconnecting different
m-states can be made small, compared with the diagonal elements.

Then, if inelastic transitions are negligible,

Gmltlvird & o[- in, ;18 .




where

-j Cvm|v (W) vm) at (6)
Ylv‘m f::ol.‘l.

with V represented in the fixed system. Expression (5) then
reduces to the phase-shift expression

sag) =1- 3 23 ep [ - Qo] )
!

where 2331: are the (normalized) dipole transition moments,
The resulting line shift is

CF L .
A - )N zgg, fdv 810 (9 ugig = Yy (8

m'
Anderson has given an iteration pr%cess for the calculation
of T in power series of the operator P, whose matrix elements
are given by

<alplov) - 2 f em‘bt(a vl B at

coll




thus obtainingT

21. P.W. Anderson, thesis, Harvard (1949). Equation (9)
is obtained by neglecting the non-commting of V(tl)
and x( tz) at two different moments ¢, and t,.
The non~commting terms are shown to lead to the

®
introﬁuction of higher-order perturbations.

T-l-iP-%P2+... (9)

Tsao and Curnut;te22 have given a calculation of (a | P| b)

22, C.J. Tseo, and B. Curnutte, J. Quant. Spectrosc. Radiat.
Transfer, 2, 41 (1962).

for the interaction term with P, (cosX). It was shown that

for a. straight path collélsion with impact parameter b and
relative velocity u (fig. la), matrix elements of P between
two different energy states j and j" include the factor
xp(-tn ,,b/u) which becomes me&nm small when 3 j,,b/u»l.
In the case of collisioms ﬁgtwee‘&CJ,and the heavier noble gas
atoms, with impact paramete® laggey Yjgug the gas-kinetic collision

diameter, and average velOc;,tie. 8rresPonding to temperatures as




P I rbem s

26

high as 1000°C, this inequality generally holds and matrix
elements of P between two j levels are negligible.,

To calculate the matrix elements of P in the sub-space
of the level j, with a given fixed quantization axis, it is
necessary to rewrite P,(cosZ) in terms of the polar
angles (9,4) of p and (OR’,R) of B in the given

A A/
reference system., This is done by the addition theorem for

Legendre polynomials ,23

23, cf. E.U. Condon, and G.H. Shortley, The Theory of Atomic

Spectra (Cambridge University Press, New York, 1935).

k
Ploos®) =z ) xx (0,801 (op,p) , (20)
A==k

where, unlike the operators Ym’h(e,?), the expressions
Yk,A.(eR’?R) are functions of the classical path parameters
6p(t) and @ (v).

The matrix elements {jm |Yi;’k(o, ¢)| jm">» vanish unless
m" = m+ A, Therefore, in the non-diagonal matrix elements
{m|P| jm"» , only those terms appearing in (10) need be
retained for which A ¥ o. Now, if A ¥ o, the integrals
Iak(ﬁ) Yk,x(an'fa)‘“‘ which appear in  {im P} "> are
minimized by taking th: z-axis in the direction where ak(R)
has a sharp maximum. This is due to the fact that all spherical
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harmonics with A ¥ o vanish along the z-axis (OR - o).
In this work, where the interaction (1) is assumed, the
integrals

f R-éxz,u“n'*n)“ =&

should be considered. Performing the integration along a
straight path, with the z-axis perpendicular to, and the x-axis
along the path, one obtains g;l = 0, while gt.z - go/ﬁl-,,

In the diagonal matrix elements of P, which give the phase
shift, the following integrals must be considered

L 4
j‘ﬁ- J'B-6<jm | P, (cos )| my dt = m P, (cos B)IJm*l-lR-éPk( cos 6p) dt, (11)
where k = 0,2, For straight path collisions, in which RZ - uztz + b2 ’
[ ] 00
fﬁ']a'édt -~ -, (12)
400 8fub
and
00 6 3
}, J: i 1y P,(cos 6p)dt = 2 G. (13)
The phase shift
hd 12nm' = Qv'j'm' -‘Zvjm
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for the m-m' component of the line now becomes, using (6),
(1), (11), (12) and (13),

Do = [ - ) + 2 (B, <3ty - B Cmd)] 6, (W)

where

2.
{3m> = {m| P, (cos 6)| jm) = éﬁh&%’ \

and where> Av-<v(A(x)|v>, Bv-<v|B(x)| vy .

24, For the HC1l molecule, in the range of j to which the present
th%ory was applied (js 7), the effect of centrifugal stretching,
which introduces a j-dependenc¢e into the vibrational expectation
values, is very small and was therefore neglected. At higher j it
may cause a small measureable effect, shifting lines in the

B-branch more to lower frequencies than corresponding lines in the

P-branch (cf. the C-term in Eq. (28) of ref. 6).

The non-diagonal matrix elements < m] Pl jm*> are small
compared with '2 m unless the isotropic and non-isotropic parts
of 12 ' .ha.ppen almost to cancel each other. But then the
contribution of such an m-»m' component to the total shift is in
any case small, and the error introduced in the calculation of the

shift by neglecting the non-diagonal elements is small.




An estimate of the error introduced by neglecting the
non-diagonal metrix elements ¢ jm|P| ju*> may be reached ty
comparing an expansion of (7) in power series of P to
the iteration process of Anderson, where the jm|P| ju")
are included in a similar expansion of (5)20;

S(aq) = so + ’51" s‘2 * eee

In both approaches § o vanishes, and -S:L is equal to the
average over m-states of the phase-shift. In this last term,
which gives the first-order contribution to the shift, only
the isotropic part -(A o " AV)G remains, and therefore

Sl fails to account for the j-dependence of the shift. The

next term is

s, =% GZ{(AV, LR 3 L GER IR D I NPEE O
ml
]

In Anderson's exact expansion the numerical coefficient § is
equal to 7/12, whereas in the present phase-shift approximation

é = 9/16. The difference between the two is a factor 27/28
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only.zs In 83, which gives an important contribution to

25, In the adiabatic approach of Schuller and Oksengorn
(ref. 20), € = 1 instead of 7/12.

the shift, .the difference is not much hrger.26

26. The coefficients Bv and Bv' are usually mich larger than

(A,, - 4,), and therefore even with collisions where S, is

1l
still small, the individual phase-shifts ‘Q mt Y be quite

large ard S3 may be very important.

A collision in which a j-transition occurs does not
contribute to the line shift and it therefore seems reasonable
as suggested by Englman to exclude those collisions whose
parameter lies within the cross-section for j—transitions.9
Since this cross-section is j-dependent (because the spacing
between adjacent j levels increases with j) such a cut-off
treatment would predict an additional j~dependence of the line
shift that may bring about an improvement over the results of

the phase-shift method.
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Unfortunately, very little is known about the cross-
section for j~transitions in HCl - noble gas collisions, though
' it is generally accepted that it is of the order of magnitude

of the ga.a-kinetic croes-section.27 However, as is seen from

27. cf. H.S.W. Massey, and E.H.S. Burhop, Electronic and Jonic
Impact Phencpens (Oxford, at the Clarendon Press, 1952).

the results of the present work, an approximation wherein a cut~
off at b= d is spplied for all lines, yields by and large the
right magnitude and form of the j-dependence, using the interaction
energy (1), with the various force constants calculated in the
normal manner for induction and dispersion forces. Possible
refinements, involving collisions with bd{d and accounting

for jtransitions, are discussed briefly in a concluding paragraph

of this paper.

CALCULATION OF THE SHIFT

The cross-gection for the shift is expressed for convenience
in terms of the billiard-ball cross-section 1td2, and as a

function of the parameters K ., defined as the phase-shift ()




for b=d:

Km| - QM'(d) B

With the collision rate dv = 2% n u b db, the shift given by

(8) can be writtenze

28. An averaging should be made over a distribution of the
relative velocities u, This problem has been treated by
Schuller and Oksengorn (ref. 10). Nevertheless it is

usually sufficient to take an average value of u.

1
AP - B o f Z. 23 @),
mn
where

i) (K_.) =~ SZ(b/d) sin( '?m' )a(v/d),

In the approximation where collisions with b{d are excluded

(the "cut-off" approximation),
YN
- -2 -7/5
¢ Qc.o.(x) 2 ‘rQ stap dv).
0o

To give an idea of the contribution to the shift from collisions
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with bg¢d, leaving aside j~transitions, Qc'o.(x) is compared
in Fig. 2 with two other approximations, where phase-shifts from
close collisions are included. One of them (the "straight-path"
approximation) is the less realistic, though more commonly used,
where the size of the molecules is neglected and all collisions
(0&b(60) are considered with straight paths. Note that the

corresponding expression
dx) - (k) = 2 /5| 9 Seinp an = 0.8753 /5,
@ 8.p. 5 o 2 2 2

when multiplied by d2 , is independent of d. The other,
more realistic approach is based on the suggestion of

Schuller and Voda.r29 to use the model of rigid spheres,

29. F. Schuller, and B. Vodar, Compt. rend. 251, 1877 (1960).

with broken paths for collisions with bgd (Fig. 1b). Taken
along a broken'path, the integral (13) is no longer three-
quarters of the integral (12). The ratio of the two integrals
changes with b, from 3/4 for b=4d, to 1 for b= 0 (the limit
where adiabatic and phase-shift treatments coincide). The plot

of Qb ((K) (the "billiard-ball" approximation) given in fig, (2)




was calculated by assuming the constant ratio 3/4 all over the
range of variation of b, thus introducing a small error,

) which vanishes in the limiting case where only the isotropic
part of the interaction contributes to the shift.

As the angular momentum J increases, the sum nzm'zg'i:i(xm')
converges into the term Q(KVV')' where K, is
the contribution to Kmn' from the isotropic part of the
interaction. Therefore, the shift should tend with increasing
J-number to a value which depends on vibrational guantum numbers
only. It is interesting to notice that in the interval 0<KS3,
both §c.o. and § b.p, &re nearly linear in K, while §s.p.
is proportional to Kz /5 . This distinction is important for the
interpretation of the ratio of the shifts of corresponding lines in
the fundamental and overtone vibfational bands.

The parameters A and B in the interaction energy (1)

' were calculated in a manner similar to that of I, with the
additional refinements that the vibrational dependence of the
anisotropy of the polarizability was considered, and the average
electronic energy W, which appears in the dispersion interaction,

was determmined in a different manner.

e




We write

. A= O(bpaz(x) + ‘Eﬂa(x)ﬁ(bw

B U 20x) + § Yx) o (x) o0

where X a and O(b are the polarizabilities of the polar
molecule and the noble gas atom respectively; Y = (w“-oﬁ_)/(zqiog)
is the anisotropy in ¢, due to the difference between the
polarizability O(“ along and O(‘L perpendicular to the molecule's
symnetry axis. W was determined by comparing the ground-state
value of A with an empirical value of the force constant (the

heo‘é term of a Lennard-Jones 6~12 potential energy function30

30, ef. J.0. Hirschfelder, C.F. Curtiss, and R.B. Bird, Molecular

Theory of Gases and Liquids (John Wiley & Sons, Inc., New York, 1954).

with € and @ for the mixture of two gases calculated by the mixing
- 12 -3
rules € =~ (€, .€,)7°,6=3(a,+T ).
The variation of A and B with the vilrational quantum
i number was calculated by expanding A(x) and B{x) to the first

power of x :
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A(x) = A, +[3A(x)/5 erxo(”'xo) 4 eee,

with x = olx|o). Now

QA/dx = 20}, Ob,/Bx + fo(bwaor,/ax '
and
/dx = 204, W4, /X + fc(bw Avey, )/ dx.

If however ® D(-L/bx & 3%/ dx , as is true for HC1

(both from empirical evidence>> and from theoretical

31. E.J. Stansbury, M.F. Crawford, and H.L. Welsh, Can. J. Phys.
31, 954 (1953).

considerations>>) , then d(v¢ a)/ dx oy Bqa/ ox ,

3R. F, Schuller, L. Galatry, and B, Vodar, Compt. rend.,
248, 2194 (1959).

and therefore B/dx ASYA/dx . In this case Ko D&y




. be written
B
‘ K = K[ 202 B (<> - <ad) + Feaad],

with
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where AA= A, - A, Values of X, and B /AA, for
HC1 collisims with the noble gases argon, krypton and xenon
at room temperature, have been calculated using the values of
o, 0, /3%, ¥, , ua,Bua/Bx, &lxlv)y, G, Gy, €,, and
€b’ which are listed in I. These are gathered in Table I,
together with d, u, and W. The values of Bv were obtained by
considering only the known anisotropy of the polarizability.

. A similar anisotropy in W may add to the magnitude of the
anisotropic interaction. Therefore values of B v/AA‘ higher bty
508 than those given in Table I were also used in the

calculations.

DISCUSSION OF RESULTS

The line-shifts induced by argon and krypton in the 1-0

!
¢
;

and 2-0 bands of HC1l, calculated with the "cut~off" approximation,

o



;

-28-

are shown in Figs.3 and 4, together with the experimental
points. In each case two curves are given, one with values
of K. and BV/AA calculated from the molecular constants
alone (see Table I) and a second with a value of Bv/AA
set 508 higher.

In Fig. 5 the experimental shifts in the 1-0 band of
HCl pressurized by krypton are compared with calculated
values using the broken-path "billiard-ball" approximstion,
in addition to those obtained by the "cut-of £" approximation.
At higher j-values the experimental points lie between the
two curves. This suggests that with increasing j, as
j~transitions become less probable, more and more contribution
to the shift comes from the region of close collisions (b<d).
A better agreement with experiment would thus be obtained by
using a j-dependent cut-off (falling in the region b{d).

Very recent work33 has revealed that shifts of HCl 2-0 band

33. D.H. Rank (private commnication; Revs, Mod. Phys.
34, 577 (1962)) has given observed values of shifts of HCl
lines due to argon and xenon up to j = 23; due to krypton
up to j = 15,
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lines due to argon do not tend to a constant limit for high j
but begin to decrease at about j = 8,

There is then a systematic trend: shifts due to helium
are all towards higher frequencies; those due to neon pass a
maximum red shift at about j= 3; with argon the maximum is
at about j = 8; with krypton the shift is still fairly constant
at about j= 15; and with xenon the shifts are still increasing
with j at j = 23.

These manifestations may be explained by taking into
consideration short range forces. As exprlained above, with
increasing j, closer and closer collisions contribute to the
observed shifts and therefore short range forces become more
and more important. Moreover, weakly interacting lighter noble
gases are less effective in causing j-transitions than the
strongly interacting heavier ones. Consequently the values of
Jj at which the region of close collisions assumes importance
increase progressively from helium to xenon. In this region
it is necessary to consider in addition to repulsive forces
also short range attractive forces (such as the R-e dispersion
interaction3o , which increases with the gquare of the

polarizability of HCl), whose relative importance increases from
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the lighter noble gases to the heavier ones, These
attractive forces lead to an increase in the red shifts with
xenon, whereas with neon and argon the repulsive forces
predominate in short range collisions and the trend is
opposite.

In the light of the above discussion some features
of the temperature dependence of the shifts may be understood
qualitatively as follows. As the temperature increases, the
mtual penetration of the colliding molecules increases and
therefore the importance of short-range interactions becomes
more marked. The shifts may be expected to increase with
temperature with the heavier noble gases (xenon) and decrease
with the lighter ones (argon, at higher j). These opposite
te.adencies were in fact observed in measurements of the
temperature dependence of shifts induced by xenon and by
a.rgon.“" 33

The present theory fails to account for the shifts of
the two lines in the center of the band - R(0) and P(1).
This may be due to the inadequacy of first-order perturbation
treatment, as well as to the larger probability of
j-transitions outside the region b<&d (both because of the
small separation of the rotational energy levels j=0 and

J=1).
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It is hoped that a future investigation, where
J-transitions and short~-range foxf{:ea are duly considered,
will extend the validity of the present treatment to account
for all observed features (including effects of temperature)
of the HCl shifts induced by the noble gases.
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TABLE I

Values of the billiard-ball radius d, relative velocity u,
average electronic energy W, the parameters K _, and Bv/AA
for interactions of HC1l with argon, krypton and xenon.

Ar Kr Xe
d (in 10°%cm) 3.2 3.31 3,53
u (in lOl‘cm sec-l) 5.75 4.98 L .69
W (in 10 Zerg) 51.3 47.0 47.5
[]
1-0 band -1005 -1.‘&5 -l-&
Kyt { d
2-0 band -2 ohs -3010'0 -l‘-026
1-0 band 9.6 9.6 | 9.6
) Bv/AA{
2’0 band ‘ hol h-l Lol
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CAPTIONS OF FIGURES

The "billiard-ball" collision model with (a) impact
parameter b larger than billiard-ball radius d,
and (b) b smaller than d,

The shift factors @(K) for the "cut-off", "billiard-
ball", and "straight~path" approximations.

Argon-induced shifts of HC1l lines calculated with the
"cut-off" approximation, with values of va, and

B v/AA given in Table I, and with values of B V/AA
50% higher.

Krypton—-induced shifts of HC1l lines calculated with the
"cut~-of f* approximation, with values of Koyt and
Bv/21A given in Table I, and with values of Bv/ZKA
50% higher.

Shifts due to krypton in the 1-O band of HCl calculated
°
with the "cut-of " and "billiard-ball" approximations.
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